Purpose of Review The purpose of this study was to review the clinical and functional outcomes of meniscus repair in children and adolescents. Recent Findings The sequel of meniscal tears and the outcome of meniscus repair have been well studied in adults. However, these topics have received less attention in the pediatric population despite the high prevalence and potentially critical effect on long-term knee function in children. Summary Meniscus repair has a healing rate ranging from 33 to 100% with less than 40% reoperation rate. Several factors have been suggested to play a role in healing, such as concomitant ACL reconstruction and complexity of the tear. There is a lack of standardization among the utilization of functional outcome and activity level questionnaires across studies; however, most report improved function postoperatively. Other important considerations include bucket handle tears, the discoid meniscus, rehabilitation and return to sports, and alternatives after failed meniscus repair. Based on the favorable outcomes reported, meniscus repair should be attempted in most meniscus tears in children.
Introduction
Meniscus tears, together with ACL tears, are recognized as the most common injuries in pediatric athletes, increasing over time [1, 2] . This increase is believed to be multifactorial, due to a combination of increased recognition of the issue, improved diagnostic methods, an increase in sports participation and sport intensity, as well as a trend towards earlier athletic specialization [3, 4, 5•, 6-8] .
The clinical effect of meniscal tears and subsequent repair has been poorly described in the pediatric population. The menisci play a critical role in load sharing and shock absorption, with injuries resulting in significant rates of long-term morbidity [3, 7] . The potential impact of the meniscus injuries can be appreciated when considering that approximately 50% of patients with meniscus injury may develop knee osteoarthritis within 10 to 20 years from the injury [9, 10] . Therefore, it is important to study the outcomes of meniscus repair in children and to identify factors that can enhance meniscus healing in an attempt to prevent osteoarthritis progression at an early age.
Unfortunately, the exact prevalence of meniscal injuries in the pediatric population is unknown. Initially, meniscus injuries in children were thought to be extremely rare [11] . A closer look at epidemiological studies conducted almost 30 years ago shows an incidence of meniscus injury in adolescent patients of 52 per 100,000 patients, which is almost half to that of patients 20-50 years old. Interestingly, meniscus injuries in patients up to 9 years old are rare with 1 meniscus injury per 100,000 patients [12] . Recent work suggests that true occurrence of meniscus injury is greater than previously thought, mainly due to increased sports participation [3, 4] . The incidence of meniscal injury in US high school athletes have been reported as high as 40.7 per 100,000 in males and 22.3 per 100,000 in females [13•] . Meniscus tears are also shown to occur in the less commonly affected preadolescent population. One retrospective study evaluating patients with hemarthrosis demonstrated meniscal injury in up to 45% of preadolescents presenting with an acutely swollen knee following an injury [2] .
Once torn, most meniscal tears require surgical intervention, the two primary options being resection of the damaged tissue or suture repair [4] . While there has been a recent trend towards repair in pediatrics and adolescents, the evidence surrounding these treatment algorithms are widely adopted from literature in adults [5•, 8] . However, a recent meta-analysis of studies reviewing the operative management of meniscus tears in children confirmed a trend towards repair from 1979 to 2015, suggesting the shift to be based on poor long-term outcomes after partial meniscectomy [14] . Herein, we present a review of the clinical and functional outcomes of meniscus repair in children and adolescents, in an attempt to identify potential risk factors for failure but also to discuss specific conditions of the pediatric meniscus.
Surgical Outcome of Meniscus Repair in Children
A recent systematic review evaluating 287 patients (mean age range, 13-16 years) in eight studies reported healing rates ranging from 33 to 100% (100%, 96%, 89%, 84%, 74%, 62%, 50%, and 33% respectively) suggesting a favorable outcome in most studies [5•] . Another systematic review that also performed a meta-analysis evaluated isolated meniscus tears in adolescent patients aged from 10 to 19 evaluated 373 patients in which 64 repairs were performed. At an average follow-up of 10.8 years, a combined 37% re-tear rate with a combined Tegner score of 7.6 was reported, even though the heterogeneity of the studies is rather high not allowing safe conclusions to be drawn from the pooled data [14] .
The incidence of isolated meniscus tears in children varies significantly among different studies. Furthermore, most studies reporting healing rates are in knees with concomitant ACL reconstruction, which has been shown to affect meniscus healing in adults [15, 16] . To our knowledge, there are only two studies evaluating the outcomes related to isolated meniscal tears. In a retrospective case series of 45 patients under 18 years (mean age 15.8 years), overall clinical success was reported in 62% of patients who underwent arthroscopic repair [17] . This data is supported by another case series, reporting clinical healing in 68% of 19 repairs and normal MRI in 50% of patients [18] .
Several other studies report healing rate for meniscus tears in children and adolescents regardless the presence of an ACL reconstruction at the time of the meniscus repair. Few of these studies included a population of primarily isolated meniscus tear with a concomitant ACL reconstruction performed in less than 50% of the patients. A complete healing rate of only 33% has been reported in a small case series of 12 patients with mean age 13 years old. In this study, CT arthrogram or MRI was used for healing evaluation and only 3 patients were graded as completely healed. A closer evaluation showed that 3 patients underwent subsequent surgery and another two had occasional pain, leaving 7 asymptomatic patients (58%). This suggests that some patients may be asymptomatic without evidence of complete healing [19] . A retrospective analysis of meniscus repairs in 25 patients less than 17 years old with 29 meniscus tears showed healing by clinical criteria in 82.7% of the lesions (or 84% when considering number of patients versus meniscus tears) [20] .
Most studies report presence of concomitant ACL reconstruction surgery in more than 50% of the included patients with the rate ranging from 58 to 79% of patients. In a study of 29 patients younger than 20 years old with follow-up longer than 10 years, 62% of meniscus repairs were shown to have healed based on a rigorous multifactorial battery of assessment including imaging, physical examination, and subjective patient reported outcome questionnaires. Interestingly, an additional 3 patients were asymptomatic, however with incomplete healing per MRI criteria [21] . In a large case series of 250 meniscus repairs in 240 patients with a 61.8% of complete healing, data were reported separately for pediatric patients. Of those, 11 patients were from 9 to 14 years old and 57 were 15-18 years old with a healing rate of 63% and 66%, respectively. Even though age was not found to be significant for outcome, the healing rates for the 15 patients and the 6 patients in the age groups of 31-35 and over 36 were lower, approximately 53% and 33%, respectively [22] .
Excellent healing rates have been documented in a retrospective review of 29 meniscal repairs in 26 knees, in which no patient underwent subsequent meniscus surgery suggesting 100% healing at a minimum follow-up of 2 years, and 24 out of 26 patients returning to previous activity level [7] . Another retrospective review of 49 knees in 45 patients younger than 18 years old (mean age 13.2, open physes in 78%), approximately 96% of the patients were considered healed based on clinical criteria. Forty out of 45 patients returned to their preinjury level of activity [8] . In a case series involving 19 patients with meniscus tears treated with all-inside arthroscopic repair, the healing rate was 89.5% at 6 years average followup [23] . In a study reporting two cases of repaired meniscus in two 4-year-old patients, both patients did extremely well with no symptoms and return to previous activity level [24] . Finally, in a study of 99 patients with meniscus repair in conjunction with ACL reconstruction, a 74% clinical healing rate was reported [25] .
Factors Affecting Healing

Concomitant ACL
The healing rate for repaired meniscus tears in isolation versus that in concomitant ACL reconstruction is unclear in children. In adults, several studies have shown the beneficial outcome of ACL reconstruction in meniscus healing [15, 16] . In children, there are no high level of evidence directly comparing the healing rate between isolated and meniscus tears combined with ACL reconstruction. Most of the reports would consist of comparative analyses as part of a case series that have limited power. In one of those reports of 13 children as part of a large series, 100% of the 5 isolated meniscus tears failed to heal at 7-month follow-up. In contrast, only 37.5% of the 8 meniscus repairs done with concomitant ACL reconstruction showed evidence of non-healing, suggesting an enhancing healing effect for the ACL reconstruction [26] .
As reported above, the clinical success of meniscus healing in isolated meniscus tears ranged from 62 to 68% [17, 18] . In contrast, 74% healing rate was reported for 99 patients with meniscus repair in conjunction with ACL reconstruction [25] , which again may faintly suggest a beneficial effect of concomitant ACL reconstruction.
Type of Tear
In a retrospective review of 45 meniscus tears, it was found that the type of the tear may contribute to successful repair. Specifically, in this series, the repaired meniscus healed in approximately 62%. However, 80% of the simple tears and 68% of the displaced bucket handle tears had a clinical successful outcome, but only 13% of the complex meniscus tears have healed. An analysis of the 17 failed menisci showed that almost half of the failures (47%) occurred within the first 6 months from the repair. Overall, the average time for failure was 17 months with a range of 3 to 60 months. Apart from complexity of tear, rim width was also found to affect outcome with tears located at a distance of 3-6 mm from the meniscosynovial junction have a higher chance to fail compared with those within 3-mm distance [17] . The same group evaluated 99 patients with meniscus repair in conjunction with ACL reconstruction 2 years after the initial study and reported an 84% healing rate in simple tears, 59% in bucket handle tears and 57% in complex tears, confirming their previous findings that complex and bucket handle tears have a higher risk of non-healing [25] .
Medial Versus Lateral Meniscus
In terms of medial or lateral meniscus repairs, a case series of 29 patients identified a significantly higher incidence of medial meniscus failure rate compared with lateral meniscus tears. Specifically, only 4 out of 18 lateral menisci failed to heal, in contrast to 7 out of 11 medial menisci (22% versus 64%) [21] . In a study of 99 patients, a tear of the medial meniscus was also found to predispose to failure with 15 out of 48 failures (31%) in the medial meniscus versus 2 out of 26 (7%) failures of the lateral meniscus (p = 0.03) [25] . A similar trend favoring the lateral meniscus was found by Kyrch et al. with 15 out of 20 lateral meniscus healed versus 13 out of 25 medial meniscus (75% versus 52%), without statistical significance (p = 0.11).
Skeletal Maturity and Age
Presence of open physes has been associated with better outcome in meniscus healing. Specifically, in a retrospective review of 49 knees in 45 patients younger than 18 years old, all 35 patients with open physes healed their meniscus repair, compared with 80% healing rate for the remaining 10 skeletally mature patients [8] . In contrast, a statistically significant difference in healing rate was also demonstrated in a retrospective analysis of 99 meniscal repairs with concomitant ACL reconstruction. Healing was achieved in 29 out of 32 repairs in skeletally mature patients versus only in 44 out of 67 repairs in skeletally immature patients (91% versus 66%, respectively, p = 0.01) [25] .
When comparing outcomes of meniscus repair in children versus adults, one could expect better outcome in children due to their higher of healing potential. As described in detail above, two recent systematic reviews that explore the current outcomes of meniscal repair in pediatrics and adolescents showed statistically significant improvements in postoperative activity level and knee function with a failure rate of 37% at more than 10 years [5•, 14] . Two recent systematic reviews in adult population demonstrated similar if not better results [27, 28] . Specifically, in a systematic review of studies with more than 5-year follow-up, the re-operation rate was 23% [27] . Another systematic review that reported outcomes of meniscus repairs at more than 10 years demonstrated a re-operation rate of 20.7% [28] . While children and adolescents are considered to have an advanced capacity for healing compared with adults, the previous literature show possibility for successful repair of meniscal lesions regardless of age.
Functional Outcomes of Meniscus Repair in Children
Clinical outcomes are significantly improved after meniscus repair. In a retrospective study of 19 patients with mean age 14 years old (range 9-18), mean Tegner score improved from 3.9 to 7.1 and mean Lysholm score improved from 55.9 to 85.4 at a mean follow-up of 22.3 months. Seventy percent of patients achieved good/excellent outcome versus 30% who did fair or poor [18] . In a case series of 12 patients, Accadbled et al. reported an improvement in Lysholm score from 65.3 to 96.3 (p = 0.002) while Tegner score remained unchanged from 6.9 to 6.6 postoperatively [19] . Kyrch et al. reported similar improvement in IKDC subjective score from 65.1 to 89.4 (p = 0.0001) postoperatively [17] . In another study evaluating meniscus repairs in the setting of concomitant ACL reconstruction, Kyrch et al. reported an improvement in subjective IKDC from 48 preoperatively to 90 postoperatively and in Tegner from 1.9 preoperatively to 6.2 postoperatively [25] . Mintzer et al. reported a postoperative Lysholm score of 90 and a SF-36 physical functioning score of 91 demonstrating excellent outcomes after meniscus repair [7] . Similarly, Vanderhave et al. reported an average Tegner score of 7.7 in 45 patients under 18 years old that underwent meniscus repair [8] . Schmitt et al. reported a mean Lysholm score of 95.7 and a mean subjective IKDC of 90.7 postoperatively. Mean Tegner score was 7.6 preoperatively and 7.3 postoperatively [23] . In another study of 29 menisci, mean Lysholm score was 95 postoperatively, but Tegner score showed a slight postoperatively decrease from 7.8 to 7.2 [20] .
An overview of the clinical score assessment after meniscus repair shows excellent Lysholm and IKDC scores postoperatively. In contrast, Tegner score has the tendency to remain unchanged or even decrease postoperatively in several studies when compared to pre-injury activity level [19, 20, 23] . As a consequence, the improved outcome in functional scores needs to be evaluated carefully, since the favorable outcomes can be originating from an overall decrease in activity level.
Specific Considerations
Bucket Handle Tears
Even though initially thought to be less common than other variants, comprising~10% of overall meniscal tear pathology [29] , recent studies of isolated meniscus injuries in children indicate a prevalence of bucket handle lesions ranging from 21 to 49% [17, 18] . Treatment recommendation is repair, pending viability of the handle fragment [30] due to the increased risk of later development of osteoarthritis after meniscectomy in pediatric knees [31] .
Repair of bucket handle tears appears to be associated with poor clinical outcome due to their limited potential to heal [17, 25] ; however, clinical success rate for isolated tears has been reported as high as 68% [17] . Factors affecting outcome include rim width and tear complexity. Bucket handle tears have not been shown to have a higher statistical incidence of failure compared with simple tears (32% failure versus 20% failure, p = 0.49) [17] when treated in isolation. However, these results are significantly affected when performed in conjunction with ACL reconstruction (bucket handle repair failure, 41%; simple repair failure, 16%; p = 0.006) [25] .
Discoid Meniscus
The estimated incidence of discoid lateral menisci in the USA is 3 to 5% [32] . Most stable variants remain clinically silent, noted incidentally during surgery or imaging of the affected knee. Presentation in younger patients is generally with a painless "snapping knee," which may progress to mechanical symptoms and limited range of motion (ROM), while adolescents typically present with pain, locking, catching, or swelling after an associated joint trauma [30, 33] . Historically, complete meniscectomy was advocated for the treatment of discoid menisci; however, reports of subsequent degenerative changes, early onset of osteoarthritis, or even development of osteochondritis dissecans, in conjunction with the promising findings of meniscus preservation techniques, have shifted the paradigm to support saucerization with repair [30, 34, 35•] .
Ahn et al. expanded on their 2008 retrospective review of pediatric patients treated with partial meniscectomy and repair who demonstrated significantly improved postoperative function and activity level after a mean of 4.2 years, with a clinical series documenting similar outcomes in a cohort with comparable patient demographics at a mean of 10.1-year follow-up [36] . Degenerative changes were observed (39%), however at a significantly lower rate than those who underwent subtotal meniscectomy from the same group (88%) [35•, 36] . In a direct comparative study of 57 knees in patients a mean age of 11.7 years, no differences were found between complication rate, physical exam findings, or self-reported functional outcome scores between patients who underwent discoid meniscal saucerization alone and those who received additional stabilization, after a mean of 15 months [4] . Similar conclusions of functional improvement regardless of surgical treatment have been reached in a retrospective review of 100 knees followed for a minimum of 2 years; however, patients < 10 years old had a 2.37 chance of achieving greater Lysholm scores than those > 10 years old (p = 0.054; 95% CI, − 0.9 to 12.3) [34] . In a recent 2018 prospective comparison of arthroscopic treatment for lateral discoid meniscus in children (age < 13) versus adults (age > 13), previous findings were further supported with no difference in IKDC scores between meniscectomy alone and meniscectomy with repair groups at 30 months, although children had significantly higher functional activity (IKDC score, 91.1) as compared with adults (IKDC score, 73.7, p = 0.001) [34] .
Overall, these data suggest that preservation of the discoid meniscus may not necessarily to lead to superior short-term outcomes in terms of patient ability or activity; however, longer-term studies implicating the deleterious sequel of meniscectomy on joint health support repair of discoid meniscus in these patients.
Return to Sports
Postoperative rehabilitation characterized by limitation in ROM, weight-bearing restriction, and muscular strengthening is key to allow healing after meniscus repair. Suggested immobilization ranges from 2 weeks to 1 month with the leg locked in extension or placed in a hinged brace. Conservative protocols delay increase in ROM from 0°to 90°until 3 to 4 weeks. Protected weight-bearing with crutches occurs initially, with full weightbearing commencing at 3 to 4 weeks, as tolerated [17-19, 37•] . Theoretically, immobilization and protected weight-bearing protects the healing tissue from damaging shear forces, which occur during pivoting and squatting motions.
Closed-chain exercises for quadriceps strengthening and physical therapy are suggested to begin by 4 to 6 weeks. Full clearance for pivoting or contact sports occurs after 6 months [17-19, 37•] . Timeline may be dependent on tear variant, with healing in the discoid meniscus requiring longer protected rehabilitation as compared with non-discoid menisci and also the presence of concomitant ACL reconstruction [25, 37•] .
Alternatives for Meniscal Tears Not Amenable for Repair
When the meniscus is not amenable for repair, occurring with degenerated, macerated tears, or as lesion margins cannot be coapted and stabilized, surgical alternatives can be considered.
Arthroscopic partial meniscectomy is widely practiced in cases during which arthroscopic repair is not possible or has failed to heal, patients aged ≥ 40 years, or with meniscal tears located in the centralized white-white zone. Removal of any portion of the meniscus allows transmission of force that would be otherwise dissipated through the cartilaginous cushion, to be inappropriately translated to the unprotected articular surfaces. Biomechanical cadaveric studies have displayed increased contact pressures of 80-90% with meniscectomy, progressively increasing with size of the resection while contact stress forces have been shown to increase by 65% in partial meniscectomy of small bucket handle meniscal tears [38] [39] [40] . Increased contact stress and knee adduction moment are believed to lead to premature cartilage damage and progression to tibiofemoral osteoarthritis. While a necessary option in some patients, the documented risk of osteoarthritis and the successful outcome of meniscus repair should urge surgeons to perform partial meniscectomy repair in limited number of pediatric patients.
Meniscal allograft transplantation is a salvage procedure recommended for patients with a symptomatic meniscal deficient knee. In adults, a survivorship of 82.3% of transplants was reported at a mean of 8.6 years with a significant improvement in postoperative Lysholm scores by 17.7 points (p < 0.001), IKDC scores by 15.6 points (p = 0.01), and Oxford Knee score by 8 points (p = 0.031) [41•] . A recent study in 36 patients less than 16 years old (mean age 15.4, range 13-16) demonstrated an improvement in functional outcomes with a meniscal reoperation rate of 6%, and an overall reoperation rate of 22%, most of those being for associated chondral disorders [42• ]. An improvement of preoperative Lysholm score from 43.8 to 74.6 and of preoperative IKDC score from 40.2 to 81.8 has been reported postoperatively, indicating that meniscus allograft transplantation can offer beneficial outcomes [42•] . Considering the potential benefit of delay or prevention of osteoarthritis in the knee, with associated high rate of transplant success, meniscal allograft transplantation is a reliable option for meniscus deficient patients.
Conclusions
Meniscus repair in children has shown to demonstrate a healing rate ranging from 33 to 100%, with most studies showing a clinical success rate in more than 70% of patients. While increased rates of healing were reported during the performance of concomitant ACL reconstruction, further research is necessary to clarify the exact role of ACL reconstruction in meniscus healing. Tear configuration can affect healing rate, with complex and bucket handle tears demonstrating a higher risk of failure, while tears in the lateral meniscus and skeletal immaturity have suggested favorable, yet inconsistent outcomes in the literature. Alternatives exist in cases where repair is not possible; however, based on the favorable medium-term and long-term outcomes reported, repair should be considered as the primary treatment option for most meniscal tears in children.
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